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Abstract
The C-terminal domain (CTD) of bacterial regulatory protein RfaH undergoes a
dramatic structural rearrangement from an α-helical hairpin to a β-barrel. We em-
ploy a quasi-continuous interpolation scheme and geometry optimisation techniques to
construct a kinetic transition network for this process. Our computed free energy land-
scape at 310 K is multifunnelled, and the predicted free energy ensembles are in good
agreement with experiment and other simulation studies. We find that rearrangement
from the α-helical conformer to the β-sheet proceeds via an essentially unstructured
state. The techniques refined for the present system should be transferable to other
protein conformational switches, with the potential to advance our understanding of
such systems.
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1 Introduction
Over the last two decades there has been increasing evidence of fold-switching, where cer-
tain proteins are capable of adopting distinct, stable folds in a reversible fashion.1–8 These
proteins, commonly referred to as metamorphic,5 extend the classical view of protein con-
formational dynamics, beyond movements of loop regions and side-chains, to large-scale
rearrangements at the level of secondary structure. For example, human chemokine lympho-
tactin (Ltn) exists as two distinct conformations: a monomeric form (Ltn10), consisting of
a three-stranded β-sheet and an α-helix, and an all-β-sheet dimeric form (Ltn40).6 Under
physiological conditions, the two conformers are in equilibrium, and bind to different molec-
ular partners. Other well-known examples of metamorphic proteins include mitotic arrest
deficiency 2 (Mad2) protein2 and chloride intracellular channel 1 (CLIC1) protein.1
Perhaps the most dramatic example of protein conformational switching has been re-
ported for RfaH (162 amino acids; named after the rfaH gene that encodes it).9 RfaH is
a regulatory protein found in Escherichia coli (E.coli) and Salmonella,10 and is known to
increase the expression of genes in operons containing an operon polarity suppressor (ops)
site (a short, well-conserved DNA sequence).10–12 RfaH comprises two domains connected
by a flexible linker: an N-terminal domain (NTD) and a C-terminal domain (CTD).13 In
the domain-closed state, the CTD adopts an α-helical hairpin fold, and binds tightly to the
NTD.13,14 When the transcribing RNA polymerase (RNAP) pauses at the ops site, inter-
actions between RNAP, the ops site and RfaH lead to domain separation.14 At this stage,
RfaH-NTD binds to RNAP in a clamp-like fashion, modifying RNAP into a pause-resistant
state, and ensuring that synthesis of messenger RNA (mRNA) is complete without paus-
ing or premature termination. Accordingly, the main purpose of the CTD in the domain-
closed state is to mask the RNAP binding site of RfaH-NTD (a hydrophobic cavity);14 thus,
RfaH-CTD serves as a regulator of transcription, and effectively restricts RfaH to operons
containing an ops site.
Upon domain separation, the CTD of RfaH undergoes a dramatic conformational tran-
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sition: the α-helical hairpin refolds into a five-stranded β-barrel scaffold (i.e. an all-α →
all-β transition).14 RfaH-CTD, in the β-barrel conformation, then binds to ribosomal pro-
tein S10, thereby recruiting the ribosomal 30S subunit to the nascent mRNA, significantly
promoting translation.14 Hence, for RfaH-CTD the same amino acid sequence folds into two
distinct conformations with two distinct functions, constituting a special type of metamor-
phic system known as a transformer protein15 (Figure 1).
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Figure 1: X-ray crystallography structure of RfaH (residues 1–100 and 115–156), and NMR
solution structure of the C-terminal domain of RfaH (residues 115–162). Upon domain
separation, the CTD of RfaH transforms: from an α-helical hairpin (α4 = 115–130; α5 =
135–155) to a five-stranded β-barrel scaffold: β5 (158–160), β1 (115–118), β2 (127–130), β3
(138–144) and β4 (149–155). The N-terminus and C-terminus are highlighted with blue and
red spheres, respectively.
The all-α → all-β transition of RfaH-CTD is interesting for several reasons. Firstly,
the genes in RfaH-regulated operons encode several bacterial virulence factors, including
lipopolysaccharide (LPS) core, exopolysaccharide and haemolysin toxin, and the action of
RfaH increases the expression of these factors, which are otherwise poorly transcribed (due
to the large percentage of rare codons) and translated (due to a lack of canonical riboso-
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mal recruitment sites). Hence, RfaH-CTD represents a good model for understanding gene
regulation of these operons, which may be shared by other regulation factors. Secondly, the
rules governing the refolding of RfaH-CTD may also be implicated in protein misfolding, so
elucidating the mechanism for the large-scale structural transition of RfaH-CTD may aid in
protein engineering and drug design.
While several experimental studies have been successful in characterising the domain-
closed and domain-opened states of RfaH, the details of the refolding process have been
inherently difficult to probe. NMR studies of the full-length RfaH are complicated by pre-
cipitation of the hydrophobic NTD once the protein dissociates from RNAP, or once domain
dissociation is initiated in vitro.14 Additionally, NMR shifts for the isolated CTD strictly
mirror those of the β-barrel conformer,14 and conversion back to the α-helical structure is
not observed. This effect is largely due to the fact that contacts with the NTD are critical
for inducing refolding to the α-helical state.16 Therefore, several groups have implemented
computer simulation techniques to analyse the refolding process.
Unfortunately, large-scale structural rearrangements generally occur on relatively long
time scales, and so are difficult to simulate in an efficient manner via standard techniques.
The refolding of RfaH-CTD has been probed using several computational approaches, includ-
ing replica exchange molecular dynamics (REMD),17 construction of Markov state models
(MSMs),18 and replica-exchange-with-tunnelling (RET).19
REMD has been used to investigate the refolding of the isolated RfaH-CTD in implicit
solvent.17 A free energy surface was constructed by projecting the replicas simulated at 310 K
onto the root-mean-square deviation (rmsd) from the all-α state and the end-to-end distance.
The structural transition was reported to proceed via a completely unfolded state, and the
simulation yielded a relatively flat all-β-sheet structure compared to the barrel-like scaffold
obtained in the NMR experiments.14 Li et al.18 constructed an MSM for RfaH-CTD from
numerous MD trajectories. Based on the final MSM, they concluded that the conversion
process could occur via heterogeneous routes, and postulated that the underlying energy
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landscape for refolding was ‘rough’, which we interpret in terms of competing low energy
structures separated by high barriers.
Recently, Bernhardt and Hansmann applied RET to decipher the refolding mechanism
for RfaH-CTD.19 In RET,20,21 replicas evolve in the microcanonical ensemble for a short
period, and are then provisionally exchanged, while simultaneously rescaling their velocities
to ensure that the total energy is invariant. The replicas are then allowed to evolve again at
constant energy, and the final structures are accepted or rejected based on a Metropolis cri-
terion. This procedure ultimately may lead to improved acceptance probabilities compared
to the standard REMD procedure. Using RET, a significant free energy barrier (approx-
imately 10 RT) separating the all-α and all-β states of RfaH-CTD was identified, and the
transition was reported to occur via a disordered conformer.19
In the present work, the potential energy landscape (PEL) framework and kinetic transi-
tion network (KTN) analysis are combined to probe the refolding of RfaH-CTD. In particular,
discrete path sampling (DPS)22–24 is used to construct the PEL (which encompasses low-
lying minima and the corresponding transition states that connect them) for the structural
transition at full atomistic resolution. The free energy landscape (FEL) for RfaH-CTD is
then derived from the PEL avoiding low-dimensional projections, and mechanistic details of
the refolding process are outlined. We find that the free energy landscape of isolated RfaH-
CTD at 310 K is multifunnelled. Consistent with previous NMR studies, the β-barrel state
is more stable than the α-helical hairpin ensemble. We find that the structural transition
occurs via a compact coil-like intermediate, and complete loss α-helical character.
2 Methods
Preparation of initial structures
The crystal structure of RfaH (residues 1–100 and 115–156) and the NMR solution structure
of the isolated C-terminal region of RfaH (residues 97–162) were obtained from the protein
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data bank via the PDB accession codes 2OUG13 and 2LCL,14 respectively. Residues 115–162
of the NMR structure were selected as the initial all-β conformer. The terminal six residues
(157–162) were added to residues 115–156 of the crystal structure using PyMOL,25 and the
resulting structure represented the initial all-α conformer for the MD simulations.
Explicit solvent MD
The atomic interactions were modelled using the AMBER ff99SB-ILDN26 parameter set.
The initial all-α and all-β structures were first minimised in vacuum for 10000 steps. Each
structure was then solvated using TIP3P water27 in a truncated octahedron, with the box
edges restricted to a minimum distance 10 A˚ from the protein. The solvated systems were
then minimised for a further 10000 steps, and a restraining force of 100 kcal mol−1 A˚−2 was
applied to each protein structure. They were then heated from 0 to 300 K over 20 ps, with a
weak restraint of 10 kcal mol−1 A˚−2 on the protein. The restraints were subsequently removed
and each system was equilibrated in the NPT ensemble (pressure = 1 atm; temperature =
300 K) for 5 ns, followed by 2 ns of constant volume MD. Finally, a 300 ns production run
was performed at 300 K in the canonical ensemble. For all MD runs the temperature was
regulated using a Langevin thermostat with a collision frequency of 1 ps. All bonds involving
hydrogen were constrained using SHAKE, permitting a time step of 2 fs. Structures were
saved every 10 ps for further analysis.
Preliminary analysis of the MD trajectories revealed that the all-β conformer sampled
the native basin throughout the simulation (with relatively small deviations from the NMR
topology). The structure with the lowest energy was selected as the starting geometry for
discrete path sampling.22–24 For the all-α conformer, significant structural fluctuations were
observed on the simulation time scale. Hence, additional equilibration and production (50 ns)
runs were conducted for the α-helical hairpin, using backbone dihedral angle restraints, based
on the crystal structure (i.e. for residues 115–156). The lowest energy α-helical conformers
from both sets of MD runs were chosen as endpoints for DPS.
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Construction of the potential energy landscape with DPS
To improve the efficiency of discrete path sampling, a generalised Born implicit solvent, GB-
Neck2,28 was used, with a cutoff 25 A˚ for evaluating the Born radius and an infinite cutoff
for estimating non-bonded interactions. A salt concentration of 0.1 M was maintained, and
the ff99SB-ILDN force field was also properly symmetrised, using the method suggested by
Ma lolepsza et al.29
DPS22–24 was performed using the OPTIM30 and PATHSAMPLE31 programs with a
GPU interface for OPTIM to accelerate sampling.32 Firstly, we obtained paths connecting
the two α-helical conformers to the β-barrel scaffold (suggested by the MD simulations).
Once two endpoints were chosen, a structural alignment was performed, which minimises the
distance between them based on overall rotation, translation and permutation of identical
atoms. The next step involves interpolation between the aligned configurations.
Since the conformational transition from the α-helical hairpin to the β-barrel scaffold is
expected to be complex, RfaH-CTD is a good test system for the enhanced quasi-continuous
interpolation (QCI)33 scheme. Here, an auxiliary potential is used to derive a set of discrete
images between two endpoints. The auxiliary potential contains constraint and repulsive
terms for bonded and non-bonded atoms, respectively, and, in the latest scheme, sequence
information from the AMBER topology file is employed. The new QCI routine also includes
harmonic springs between images, and cis-trans peptide bond constraints. These improve-
ments together minimise the likelihood of chain-crossings and cis-trans isomerism, which are
undesirable consequences of (linear) interpolation techniques, especially for distant confor-
mations.
The auxiliary potential is set up for the aligned endpoints, and discrete images between
these two starting configurations are built by adding one atom (or residue) at a time. Be-
fore another atom (or residue) is added, the potential is minimised using an L-BFGS min-
imiser34,35 with a predefined root-mean-square (rms) gradient condition. This procedure
is repeated until the full set of intermediate configurations is obtained for all atoms. The
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minimised images were then used to seed a double-nudged36 elastic band37,38 (DNEB) com-
putation, which yields transition state guesses that are then tightly converged using hybrid
eigenvector-following (HEF).39,40
For a given set of RfaH-CTD endpoints, one QCI cycle was performed in the first con-
nection attempt. DNEB–HEF cycles were then used for subsequent connection attempts.
After each cycle, pairs of minima for connection were selected using a modified Dijkstra al-
gorithm.41 To locate an initial path, this process was performed in parallel using the PATH-
SAMPLE program. The number of minima pairs to connect per cycle was defined a priori.
The ‘best’ path between the two main endpoints was then computed using the Dijkstra
missing connection algorithm.41 Unconnected minima on the best path were then chosen for
QCI–DNEB–HEF/DNEB–HEF computations (QCI was only used if the minimised aligned
distance between a given minima pair exceeded 50 A˚). Once the connection runs for min-
ima pairs were completed, the new minima and transition states were added to the existing
database of stationary points. Connection cycles were repeated until a connected path was
found.
The initial database was then refined using the SHORTCUT (decreases the number of
steps on the fastest path by reconnecting minima separated by a given number of transition
states)41–43 and UNTRAP (removes artificial kinetic traps by reconnecting minima of com-
parable energies that are separated by high barriers)42 procedures in PATHSAMPLE, and
progress was monitored by checking for convergence of the α→ β rate constant and the heat
capacity curve.
Estimating free energy and kinetics
The free energy landscape for RfaH was computed at 300 and 310 K using the harmonic
superposition approximation (HSA).44 A recursive regrouping procedure45 was employed to
cluster minima and transition states in the kinetic transition network (KTN) into free energy
groups, based on a free energy threshold. The structural rearrangement pathways (’fastest
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paths’) were computed for the regrouped KTN using Dijkstra’s shortest path algorithm with
suitable edge weights,41 and rate constants were computed using a graph transformation
approach.46
Computation of structural order parameters
Secondary structure analysis was performed using the DSSP algorithm.47 The mass-weighted
geometric root-mean-square deviation (rmsd) from selected minima/free energy groups, and
the radius of gyration (Rg) of free energy groups were computed using the CPPTRAJ pro-
gram in the AMBER tools package.48 The CPPTRAJ software was also used to compute
the total number of hydrogen-bonds in the various RfaH-CTD conformational states, with
hydrogen-bond distance and angle cutoffs of 3.5 A˚ and 150◦, respectively.
Finally, the computed potential and free energy landscapes were visualised using discon-
nectivity graphs.49,50
3 Results and Discussion
3.1 MD simulations for the α-helical and β-sheet conformers
In the domain-closed X-ray crystal structure the C-terminal domain of RfaH assumes an α-
helical hairpin conformation with two antiparallel α-helices, and an intervening turn region.
When domain separation is triggered, the CTD is known to refold in a β-barrel scaffold, with
five antiparallel β-strands. Molecular dynamics simulations (300 ns) were used to probe the
short time stability of the two extreme RfaH-CTD forms.
The simulation initiated from the α-helical conformer (Figure 2a) shows that α4 (residues
115–140; see Figure 1) has a higher propensity for helical unwinding than α5 (residues 135–
155); α4 is partially unfolded throughout the entire production run, while α5 maintains most
of its α-helical structure. These findings agree well with previous work,17,18 in which α4
was reported to be less stable than α5 for the isolated CTD. Several authors
16,51 suggest
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that interdomain contacts between the NTD and the CTD are responsible for maintaining
the stability of the α-helical form of RfaH-CTD, and when these contacts are disrupted the
probability of forming the β-sheet analogue increases.
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Figure 2: Secondary structure assignments for configurations along MD trajectories. The MD
simulations (300 ns) for RfaH-CTD α-helical hairpin and β-barrel conformers were computed
at 300 K in the NVT ensemble with explicit solvent.
Figure 2b reveals that the β-barrel form of isolated RfaH-CTD is quite stable on the short
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MD simulation time scale. Throughout the MD run, the β-strands remain intact; with β2
(127–130), β3 (138–144) and β4 (149–155) closely matching the NMR solution structure,
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and β1 (116–119) and β5 (159–161) starting one residue later. An additional short β-strand
(residues 132–133) was predicted between β2 and β3. A previous study also found that
these residues had a tendency to adopt β-sheet structure, predicting that β2 extended from
residues 127 to 134.17
The MD β-barrel and the partially unfolded α-helical structure are likely to be important
conformers on the potential energy landscape for RfaH-CTD. They were therefore chosen as
endpoints for discrete path sampling. However, since we are mainly interested in probing the
refolding process from the α-helical hairpin form, we performed further structural refinement
of the crystal structure with dihedral angle restraints (Figure 2). The refined structure was
also used as an endpoint for DPS. These initial DPS endpoints closely resemble the structures
depicted in Figure 5a (see section 3.3).
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Figure 3: Secondary structure assignments for configurations along MD trajectory. The
MD simulation (50 ns) for RfaH-CTD α-helical hairpin was computed at 300 K in the NVT
ensemble with explicit solvent. Backbone dihedral angle restraints for residues 115–156 were
employed throughout.
3.2 Effects of QCI parameters on optimised paths
Computation of initial pathways between selected endpoints represents one of the main
challenges in DPS. An interpolation procedure is first used to predict intervening structures
between a given pair of conformers, which are then optimised to yield transition states and
corresponding local minima, as described in section 2. For conformers close in configuration
space, an initial linear interpolation scheme is generally sufficient; however, such schemes
perform poorly for distant minima.
The quasi-continuous interpolation (QCI) scheme33,52 has recently been shown to yield
kinetically relevant paths for several large-scale rearrangements.33,53 It allows the user to
control several parameters; including the total number of images (i.e. intervening geometries;
N imagesmax ), the cutoff distance for activating repulsive terms between unconstrained atoms
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(rrep), the force constant for harmonic springs connecting images (kspr), and the method
used for growing the images (e.g. atom-by-atom, residue-by-residue), among others.
Table 1: Comparison of selected QCI parameters for two different interpolations.
QCI parameters Int-I Int-II
rrep (A˚) 8.0 6.0
kimagesspr 10.0 10.0
N imagesmax 200 50
method add residue add residue
Table 1 compares some QCI parameters for two different interpolations from the RfaH-
CTD lowest MD α conformer to the lowest MD β structure. In the first interpolation (Int-I)
more images were used (N imagesmax = 200) and a slightly larger repulsive cutoff distance was
employed (rrep = 8.0) than in Int-II. In both schemes the same value was set for the spring
force constant, and images were constructed by adding one residue at a time.
The resulting optimised initial path corresponding to each QCI interpolation scheme
is depicted in Figure 4. Int-II leads to a significantly shorter path connecting the α and
β conformers than the final path obtained using Int-I. In the latter case, the protein becomes
kinetically trapped, over about 1000 steps, before finally folding downhill towards the β-sheet
structure. In this case, it seems that having a large number of images is actually less efficient.
Interestingly, when the two paths were merged into one KTN, the longer path was no longer
kinetically competitive. Hence, it would be beneficial to include initial paths corresponding
to different QCI interpolations (for the same set of endpoints) in the KTN, to increase the
likelihood of finding the most biologically relevant paths.
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Figure 4: Optimised initial paths corresponding to two different QCI interpolations from the
lowest-α to lowest-β conformer.
3.3 Potential and free energy landscapes
The PEL for the isolated RfaH-CTD is shown in Figure 5a; there are two prominent deep
funnels. The major funnel, which includes the all-β conformer, is notably lower in energy
than the one corresponding to the all-α structure, and contains the global minimum. The
partially unfolded α-helical conformer is enthalpically more favourable than the α-helical
hairpin form.
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Figure 5: Disconnectivity graphs for the isolated RfaH-CTD, in terms of (a) potential and (b)
free energies. In (a) the lowest energy α-helical conformer (partially unfolded), the α-helical
conformer with maximum helical content (hairpin), and the global minimum of the PEL are
all superimposed on the graph. The free energies were computed at 310 K with minima and
transition states regrouped45 based on an energy threshold of 5 kcal mol−1. Representative
structures for selected free energy groups (G1 to G3) are also shown.
The FEL was computed from the PEL at 300 K (not shown) and 310 K (Figure 5b).
These two temperatures were chosen to allow for direct comparison with previous simulations
(MSM construction at 300 K;18 replica exchange approaches at 310 K17,19) and the original
NMR experiment (at 310 K).14 There was no significant difference between the two the
landscapes, and so further analysis refers to the FEL at 310 K. Each branch on the free
energy disconnectivity graph corresponds to a free energy group. The topology of the global
free energy minimum, G3, is consistent with the NMR solution structure for the isolated
RfaH-CTD (all-atom geometric rmsd = 1.57 A˚); however, β2 is visibly longer compared to
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the experimental structure. From the FEL, it is evident that the β-barrel scaffold is the most
stable conformer for the isolated CTD of RfaH. In addition, the partially unfolded α-helical
state, G2, is slightly more stable than the analogue with both helices intact, G1. Combined
with the MD results, these results suggest that upon domain separation α4 quickly loses
some of its helical character, and G2 is an important intermediate in the refolding process
of RfaH-CTD.
Since the barriers on the FEL for the isolated domain are particularly high, we infer
that, in the absence of the appropriate molecular partner, the refolding process is likely to
be slow. In fact, Burmann et al. probed the refolding process, by engineering a cleavage site
into the linker region between the two domains, and reported that β-sheet structure was
only detected 42 hours after incubation.14
3.4 Conformational states on the FEL
To gain better insight into the various conformational states on the FEL, the free energy
disconnectivity graph was coloured based on several structural order parameters. Secondary
structure analysis was performed for each free energy group, and these results are summarised
in Figures 6a–c. Considerable variation in α-helical and β-sheet content is observed in Fig-
ures 6a and b. The G1 ensemble displays about 77% α-helical content, while ensembles in the
high energy regions of the FEL and in the neighbourhood of the global free energy minimum
(G3) generally show negligible α-helical character. Maximum β-sheet content was observed
for G3 (68%), and ensembles in the intermediate regions of the FEL contain some degree
of α-helical or β-sheet content. Significant coil–like structure (i.e. lack of regular secondary
structure) was observed for many ensembles in the high energy region of the landscape (e.g.
G11 in Figure 6c).
The free energy disconnectivity graphs are also depicted in terms of the all-atom geo-
metric rmsd from G1 (Figure 6d) and G3 (Figure 6e). These graphs further highlight the
inherent structural heterogeneity of the states on the FEL. The principal funnel correspond-
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ing to ensembles with high α-helical content separates into two main sub-funnels: ensembles
closely related to the hairpin state (G1) and those with α4 partially unfolded (e.g. G7). The
ensembles gradually deviate from G1 on traversing the landscape towards G3. A similar
trend is observed from G3 towards G1.
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Figure 6: Free energy disconnectivity graphs (∆E = 20 kcal mol−1) for RfaH-CTD computed
at 310 K with a regrouping45 threshold of 5 kcal mol−1. The landscape is reproduced for
several structural order parameters, and representative structures for selected free energy
groups are highlighted.
Based on these results, we infer that on moving from the α-helical hairpin ensemble to the
β-barrel state, RfaH-CTD gradually loses α-helical character, and the structural conversion
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occurs via an essentially unstructured intermediate.
3.5 Mechanism for fold-switching in RfaH-CTD
A detailed description of the refolding process can be obtained by examining the pathway
between the all-α and all-β conformations that makes the largest contribution to the rate
constant. For RfaH-CTD, the two forms were again defined as states by lumping station-
ary points into free energy groups, using recursive regrouping45 with an energy threshold of
11 kcal mol−1. Regrouping thresholds for which the rate constant is converged give consis-
tent results. However, if the threshold is too small excessive detail may be retained, and
analysing the mechanism may prove difficult. The fastest pathway between selected states
was extracted by employing Dijkstra’s shortest path algorithm on the clustered stationary
point database.41
Figure 7 shows the variation in several structural order parameters along the fastest
pathway. A significant deviation from the initial α-helical hairpin coincides with helical
unwinding of α4 (Figure 7a); GLU124 to THR131 unfolds and a short turn develops (GLN127
to ALA128). Two other groups also reported that unwinding of α4 marked the first stage
of the structural transition.17,18 Geometric rms deviations from the all-α state oscillate at
around 7 A˚ for about eight steps; α4 continues to shorten, while α5 generally remains intact.
The protein then passes through an ‘unstructured’ intermediate (at step 19; Figure 7a), and
then the configurations progressively become more β-like. Li et al. also observed a high
population of compact coil-like states in their MSM for RfaH-CTD.18
The α-helical content decreases sharply at step ten of the folding transition (Figure 7b).
At this stage, a transition state develops with low helical content in α5, only maintaining
helical structure from ALA137 to LEU142. From steps 14 to 19 the protein contains negligible
α-helix or β-sheet structure; in that part of path states display maximum coil-like structure
(notice the green curve in Figure 7b). The protein only adopts β-sheet-like structure in the
latter segment of the path, as the canonical β-strands begin to form.
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Figure 7: Evolution of selected order parameters on the fastest folding pathway from the
α-helical hairpin to β-barrel state of RfaH-CTD: (a) all-atom geometric rmsd from all-α or
all-β state; (b) secondary structure content; (c) radius of gyration; (d) total number of
hydrogen-bonds. Representative structures for some states along the path are shown. The
number of steps corresponds to the number of transition states along the path.
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The radius of gyration (Rg), which was taken as the average mass-weighted squared
distances of all atoms from protein centre of mass, is another useful order parameter for
monitoring structural changes during the rearrangement process. For most of the refolding
process Rg is about 12 A˚, suggesting that the protein remains relatively compact during the
transition (Figure 7c). Notably, in the early stages of folding, a significant increase in Rg
is observed; a transition state forms with the two α-helices orientated roughly orthogonal
to each other. This state is strikingly similar to the one located on the free energy surface
of RfaH-CTD by GC et al.17 On further investigation, it seems that this state forms due
to the breakage of a hydrogen-bond between THR119:HG1 (in α4) and GLU149:O (in α5),
which causes the two helices to separate. However, new hydrogen-bonds are formed; for
example, a short turn simultaneously forms in α4, perhaps to accommodate the nearby
bulky phenylalanine residues (PHE126, PHE130).
The variation in the number of hydrogen-bonds along the path was also examined. Fig-
ure 7d reveals that the protein does maintain some degree of hydrogen-bonding throughout
refolding. For instance, between steps 13 to 19 (when the coil-like character is at a maxi-
mum) there is still some hydrogen-bonding due to turns (e.g. PRO133 to ASP134) and 310
helices (e.g. GLY125 to GLN127). The intermediates in that region also contain a significant
number of bends (loops), which lead to compact morphologies. The hydrogen-bond pattern
then increases steadily as the β-strands nucleate to yield the all-β state.
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Figure 8: Pathway for the α-helical hairpin → β-barrel structural rearrangement of RfaH-
CTD. Stationary points in the kinetic transition network were regrouped based on a threshold
of 11 kcal mol−1. Representative structures of selected states are superimposed on the path.
States are numbered based on their positions along the path: s1 corresponds to the α-helical
hairpin ensemble, and s51 represents the β-barrel state.
Finally, the refolding pathway of RfaH-CTD is presented in Figure 8 in terms of free
energies. The structural transition occurs in three main stages:
1. The formation of a kink (short turn) in the neighbourhood of the bulky phenylalanine
residues initiates the refolding process (s3). α4 gradually shortens in the direction of
the N-terminus (s19). Loss of α-helical character in α4 then accommodates expansion
of α5 (s21)—starting from the C-terminus.
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2. Helical unwinding eventually leads to the formation of a compact intermediate (s23),
which includes residual α-helical character (ALA137 to LEU142). The formation of
this intermediate is preceded by a major free energy barrier in the refolding process,
which may therefore be classified as rate-limiting. Once unfolding of α5 is complete,
the C-terminal part of the protein crosses over the N-terminus, yielding a compact
coil-like state (s27). Small conformational changes lead to the formation of s39, which
exhibits a β-barrel-like topology, with complete loss of α-helical character.
3. Once s39 forms, nucleation of the β-strands commences. β3 (LEU142 to ASN144) and
β4 (GLU149 to LYS151) begin to develop first (s41), followed by nucleation of β2 (s43).
Strands 1 and 5 form last—completing the β-scaffold (s51).
4 Conclusions
Large-scale conformational changes in proteins are relatively difficult to probe. Such struc-
tural transformations may lead to the exposure of hydrophobic residues, resulting in ag-
gregation in vitro, impeding experimental characterisation. Additionally, one metamorphic
partner may be more stable than the other, and so probing the reverse process, at physically
relevant temperatures, may be a challenge.
Computer simulations of fold-switching can therefore play an important role in improving
our understanding of these processes, and aid in the design of novel protein-based architec-
tures. However, in silico studies of systems undergoing large-scale changes have their own
challenges. In particular, these processes often occur on long time scales, and the morpholo-
gies of interest may be separated by substantial free energy barriers. To circumvent these
issues various sampling and data analysis strategies have been adopted.
In the present work, methods based on geometry optimisation were employed to char-
acterise energy landscapes for the all-α to all-β transition of RfaH-CTD. The new quasi-
continuous interpolation scheme33 was employed to obtain initial guesses for putative struc-
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tures on the refolding path; together with other discrete path sampling strategies, a kinetic
transition network for RfaH-CTD was constructed consisting of stationary points on the
potential energy landscape.
The free energy landscape for RfaH-CTD was computed at 310 K within the harmonic
superposition approximation. The landscape is characteristically multifunnelled, and, con-
sistent with experiment,14 the β-barrel scaffold is the favoured conformer. The proposed
mechanism for the structural transition is in good agreement with previous work,18 and
some of the important structural ensembles identified in this study have been found in
REMD simulations17 and in MSM constructions.18 New atomistic details for the refolding
process have been provided in the present work.
The ability of our approach to preserve the full atomistic resolution should aid in deriving
design principles for protein fold–switching. It would therefore be of interest to extend this
work to other transformer proteins (as they become available) and related systems.
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